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Abstract —  Pulsed  power  weaponry  is  being  considered  for 
inclusion  in  future  warships.  In  this  work,  the  effects  of  pulsed 
power  weaponry  on  a  power  distribution  and  propulsion  system 
are  demonstrated  in  the  context  of  a  physical  system  known  as 
the  Naval  Combat  Survivability  Testbed.  It  is  shown  that,  as 
expected,  when  using  an  integrated  fight  through  power  (IFTP) 
architecture,  the  pulsed  power  load  results  in  a  disturbance  on 
the  generation  ac  bus;  but  it  has  no  effect  on  the  zonal  ac  busses. 
The  use  of  propulsion  coordination  is  also  investigated. 

Index  Terms — power  electronics,  power  systems,  pulsed 
power,  transient  behavior 

I.  Introduction 

HE  use  of  pulsed  power  weaponry  such  as  rail  guns  is 
being  considered  for  inclusion  in  future  warships.  In  this 
work,  the  effects  of  such  weaponry  on  the  power  distribution 
and  propulsion  system  are  demonstrated  in  the  context  of  a 
physical  system  -  the  Naval  Combat  Survivability  Testbed 
depicted  in  Fig.  1.  As  can  be  seen,  this  testbed  utilizes  an 
Integrated  Fight  Through  Power  (IFTP)  architecture.  This 
laboratory  scale  system  has  a  total  generation  capacity  of  60 
kW.  The  system  is  meant  to  be  a  resource  for  researchers  in 
Naval  power  and  propulsion  systems  and  has  no  proprietary 
components  or  controls. 

This  work  begins  with  a  system  description  of  the  principal 
system  components.  Next,  a  detailed  description  of  the  pulsed 
power  load  will  be  set  forth.  This  load  has  two  parts.  The 
first  part  is  a  controlled  rectifier  which  serves  to  charge  the 
second  part  of  the  load  -  a  capacitor  bank.  This  capacitor 
bank  could  be  used  to  drive  a  rail  gun.  Since  the  laboratory 
system  does  not  include  a  rail  gun,  a  capacitor  emulator 
system  is  used  to  emulate  the  bank  and  rail  gun.  This  emulator 
will  also  be  described  in  detail.  The  final  part  of  the  system 
description  will  be  of  a  simple  control  to  coordinate  the  pulsed 
power  load  and  propulsion  system. 
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After  the  system  description,  a  collection  of  experimental 
studies  demonstrating  the  effects  of  the  pulse  power  load  on 
the  NCS  Testbed  will  be  presented.  It  is  shown  that  while  the 
pulsed  power  load  does  impact  the  generation  ac  bus,  the 
zonal  ac  busses  are  undisturbed. 

II.  System  Description 

Fig.  1  depicts  the  Naval  Combat  Survivability  Testbed. 
This  system  consists  of  a  59  kW  generator,  a  37  kW 
propulsion  motor,  a  15  kW  (total  load)  three  zone  zonal 
distribution  system,  and  a  18  kW  peak  power  pulsed  power 
load. 

In  this  system  a  turbine  emulator  /  governor  acts  as  the 
prime  mover  (PM)  for  the  system.  Physically,  the  turbine 
emulator  is  implemented  using  a  120  kW  4-quadrant  speed- 
controlled  dynamometer.  The  prime  mover  acts  on  a  59  kW 
3 -phase  wound  rotor  synchronous  machine  with  a  brushless 
excitation  system.  The  nominal  output  of  the  generator  is  560 
V,  1-1,  rms.  Details  on  the  synchronous  machine  are  set  forth 
in  [1,2],  on  the  brushless  exciter  in  [3,4],  and  on  the  voltage 
regulator  and  prime  mover  in  [5]. 

In  Fig.  1,  the  generation  bus  can  be  seen  to  supply  the 
port  bus  of  the  distribution  system  through  power  supply  PS- 
1,  the  pulsed  power  load  PP,  and  the  propulsion  drive  PD. 
The  most  significant  load  on  the  system  is  the  propulsion 
drive.  In  this  system,  the  propulsion  drive  consists  of  a 
rectifier,  dc  link,  and  inverter  fed  induction  motor  which  is 
connected  to  a  load  emulator.  The  power  level  of  the 
propulsion  load  is  37  kW,  or  about  63  %  of  the  maximum 
system  generation.  Fig.  2  depicts  the  propulsion  drive 
topology.  Fig.  3  depicts  the  top  layer  of  the  control.  Therein, 
the  propulsion  drive  has  two  modes,  a  speed  control  mode  and 
a  torque  mode.  The  speed  control  is  a  simple  PI  based 
control.  In  the  speed  control  mode,  the  principal  output  is  a 
desired  torque  Te  sc .  The  torque  command  to  the  drive  is  then 

selected  between  the  torque  reference  Te  rej-  (in  torque  mode) 

and  the  speed  control  desired  torque  Tesc  (in  speed  mode) 

yielding  the  torque  command  T* .  An  adaptive  maximum 

torque  per  amp  control  (AMTPA)  determines  a  current  and 
slip  frequency  commands  based  on  the  torque  command.  The 
current  command  is  limited,  and  a  synchronous  current 


176 


Form  Approved 
OMB  No.  0704-0188 


Report  Documentation  Page 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 


1.  REPORT  DATE 

JUL  2005 

2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-2005  to  00-00-2005 

4.  TITLE  AND  SUBTITLE 

System  Impact  of  Pulsed  Power  Loads  on  a  Laboratory  Scale  Integrated 
Fight  Through  Power  (IFTP)  System 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

U.S.  Naval  Academy, 121  Blake  Road, Annapolis, MD, 21402-5000 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS (ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

See  also  ADM001931.  Proceedings  of  the  2005  IEEE  Electric  Ship  Technologies  Symposium  (ESTS  2005) 
Held  in  Philadelphia,  PA  on  July  25-27, 2005. 


14.  ABSTRACT 

see  report 


15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF 
RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Same  as 
Report  (SAR) 

8 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


Fig.  1.  Naval  Combat  Survivability  Testbed. 


regulator  (SCR)  is  used  in  conjunction  with  a  delta  modulator 
to  control  the  inverter  switching  devices  in  such  a  way  that  the 
desired  current  is  obtained.  The  control  also  utilizes  an  on¬ 
line  rotor  resistance  estimator.  Details  on  the  induction 
machine  are  set  forth  in  [6-7],  on  the  adaptive  maximum 
torque  per  amp  control  in  [8],  on  the  adaptive  rotor  resistance 
estimator  in  [9],  and  on  the  synchronous  current  regulator  and 
delta  modulator  in  [10]. 

As  depicted  in  Fig.  1,  the  dc  power  distribution  system  port 
bus  is  fed  by  power  supply  PS-1.  This  is  a  controlled  rectifier 
based  unit  designed  for  an  output  voltage  of  500  V  dc,  and  has 
a  continuous  rating  of  15  kW.  Sectionalizers  S-l,  S-2,  and  S- 
3,  connect  converter  modules  CM-1,  CM-2,  and  CM-3  to  the 
port  bus.  Each  converter  module  has  a  continuous  rating  in 
excess  of  5  kW  and  has  an  output  voltage  of  420  V  dc 
(unloaded)  to  400  V  (at  5  kW).  The  situation  is  identical  on 
the  starboard  bus,  though  the  power  supply  (PS-2)  is  fed  from 
the  utility  rather  than  the  generation  bus. 

From  Fig.  1,  it  can  be  seen  that  the  zone  1  inverter  module 
(InM-1)  is  supplied  by  converter  modules  CM-1  (port  bus) 
and  CM-4  (starboard)  bus  through  or-ing  diodes.  Because  of 
the  droop  controls  present  on  the  converter  modules,  if  both 
the  port  and  starboard  bus  are  active,  then  the  load  will  be 
shared  between  the  busses.  The  output  of  inverter  module 
InM-1  is  three-phase  230  V  1-1  rms  ac.  This  bus  supplies  load 
bank  1  (LB-1),  a  5  kW  resistive  load.  Zone  2  is  similar  to 
Zone  1.  In  Zone  3,  a  generic  constant  power  load  is  used  in 
place  of  the  inverter  module.  Details  on  the  dc  power 
distribution  components  are  set  forth  in  [1 1]. 


III.  PULSED  POWER  LOAD 

The  objective  of  this  paper  is  to  study  the  system  effects  of 
pulsed  power  loads.  In  this  paper,  this  will  take  the  form  of  a 
power  converter  which  is  used  to  charge  an  (emulated)  dc 
capacitor  bank  from  the  ac  system  bus.  Based  on  very  crude 
scaling  of  anticipated  platforms  to  the  Naval  Combat 
Survivability  Testbed,  the  pulsed  power  charging  network  is 
required  to  store  a  peak  energy  of  200  kJ;  in  the  present 
system  it  is  assumed  that  128  kJ  are  extracted  from  the 
capacitor  bank  per  event.  The  peak  pulse  rate  for  this  load 
will  be  approximately  6  cycles  per  minute  (though  the  first 
charge  cycle  takes  longer  since  there  is  no  initial  charge). 

The  power  converter  topology  used  for  the  pulsed  load  is 
depicted  in  Fig.  4.  As  can  be  seen,  a  transformer  line- 
commutated  converter  is  used  to  charge  the  energy  storage 
capacitor  Cstg  .  Once  the  capacitor  becomes  charged  to  the 

desired  point,  the  pulsed  load  discharges  the  capacitor. 

The  highest  level  of  the  pulsed  power  control  is  the  charge  / 
discharge  control  shown  in  Fig.  5.  The  inputs  to  this  control 

are  a  command  to  charge  the  capacitor,  ec  (high  to  charge),  a 

sjc 

command  to  discharge,  e ^  (high  to  discharge),  the  filtered 
voltage  across  the  energy  storage  capacitor,  vcy  ,  and  the 

* 

minimum  capacitor  voltage  at  which  firing  is  allowed,  vc2  . 
The  outputs  of  this  control  are  the  actual  charging  status,  ec 
(high  to  charge),  and  actual  discharge  status,  e j  (high  to 
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Fig.  2.  Propulsion  Drive. 


discharge). 

Provided  that  a  discharge  sequence  is  not  underway, 

* 

setting  ec  high  will  cause  the  charge  status,  ec ,  to  go  high, 
whereupon  the  capacitor  will  be  charged.  If  the  energy 

storage  capacitor  voltage  is  above  the  threshold  and  e d  goes 

* 

high  (indicating  a  request  for  discharge),  or  e d  is  already  high 

and  the  filtered  capacitor  voltage  becomes  greater  than  the 

* 

minimum  firing  voltage,  vc2  ,  then  eds  will  immediately  go 
high  to  indicate  that  a  discharge  sequence  has  been  initiated. 
On  the  rising  edge  of  this  signal  two  pulses  are  generated. 
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Fig.  4.  Pulsed  Power  Charger  Topology 


The  first  of  these  has  a  duration  of  tdc  ,  the  time  interval  over 
which  charging  is  disabled.  The  second  of  these  has  a 
duration  of  the  total  discharge  cycle  tdc  less  the  time  required 
to  physically  discharge  the  capacitor  tdis  .  The  result  is  that 
the  charge  status  ec  goes  low  for  the  entire  discharge  cycle  of 
length  tdc  and  ed  goes  high  (and  the  actual  discharge  occurs) 
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Fig.  5.  Charge  /  Discharge  Control 


during  the  last  tdis  of  the  discharge  interval  of  length  tdc  . 

The  next  level  of  the  control  is  the  synthesis  of  a  capacitor 
current  command  /*  .  This  control  is  diagrammed  in  Fig.  6. 
The  basic  philosophy  of  the  control  is  to  charge  the  capacitor 
as  rapidly  as  possible  subject  to  a  peak  capacitor  current  limit, 
icmax  ,  and  a  peak  power  limit,  Pcmax  .  Inputs  to  the  control 

* 

are  the  target  final  capacitor  voltage,  vcl ,  the  measured 
capacitor  voltage,  vc  ,  and  the  charge  status,  ec  .  As  can  be 
seen,  the  measured  capacitor  voltage  is  first  filtered  by  a 
simple  low  pass  filter  with  time  constant  zinj-  and  then 

subtracted  from  the  command.  The  voltage  error  is  then 
multiplied  by  a  proportional  gain  Ksf  and  limited  to  a 

dynamic  limit  icnmit ,  which  is  calculated  so  as  to  insure  both 
the  power  and  peak  current  limit  will  be  observed. 

The  commanded  capacitor  current  is  then  the  filtered 
output  (time  constant  of  r0f )  of  either  this  gain/limiter  (if 

ec  is  high)  or  zero  (if  ec  is  low). 

The  gain  Ksf  is  selected  to  be  large  enough  that  the  limit  is 
almost  always  in  effect  until  the  point  where  vcj-  becomes 

very  close  to  vcl  ;  after  this  point  the  capacitor  voltage 

approaches  the  target  voltage  asymptotically.  For  this  reason, 

* 

the  target  voltage,  vcl ,  is  slightly  higher  than  the  minimum 

* 

voltage  to  fire,  vc2  . 

The  objective  of  the  next  level  of  the  control  is  to  insure 
that  the  capacitor  current  accurately  tracks  the  desired  current. 
Fig.  7  shows  the  current  control.  In  this  case,  the  inputs  to  the 

control  are  the  capacitor  current  command,  ic ,  the  measured 

rectifier  current,  ir ,  and  the  filtered  capacitor  voltage,  vcy . 

The  output  of  the  control  is  the  cosine  of  the  phase  delay  of 
the  load  commutated  converter,  cos  a  .  The  basic  strategy  of 
this  control  is  the  formulation  of  a  rectifier  voltage  command, 

vr ,  which  is  essentially  equal  to  the  output  of  a  PI  control 

operating  on  the  current  error  (the  difference  between  the 

* 

capacitor  current  command  ic  and  the  filtered  rectifier  current 
ir ,  which  is  in  turn  equal  to  the  capacitor  current  during  the 
charge  cycle)  plus  a  feed-forward  term  equal  to  the  filtered 


capacitor  voltage.  This  command  is  then  translated  to  a  phase 
delay  by  dividing  by  the  nominal  rectifier  voltage  and 
limiting.  Note  that  when  the  limits  are  in  effect  the  integrator 
of  the  PI  control  is  prevented  from  integrating  in  order  to 
prevent  integrator  wind  up.  Parameters  of  the  pulsed  power 
charging  circuit  and  controls  are  listed  in  the  Appendix. 

IV.  CAPACITOR  EMULATOR 

The  capacitor  emulator  is  depicted  in  Fig.  8.  This  circuit 
is  designed  to  replace  the  energy  storage  capacitor  of  the 
charging  circuit.  It  allows  the  amount  of  energy  that  needs  to 
be  physically  stored  by  the  system  to  be  drastically  reduced.  In 
addition,  it  allows  the  energy  stored  to  be  rapidly  discharged 
with  moderate  currents.  Using  the  capacitor  emulator,  energy 
is  continually  dissipated.  The  main  design  goal  of  the 
capacitor  emulator  is  to  make  the  charging  circuit  behave 
exactly  as  if  the  full  energy  storage  capacitor  was  in  place. 

The  capacitor  emulator  circuit's  first  element  is  a  physical 
capacitance  which  is  a  fraction  y  of  the  capacitance  to  be 
emulated,  Cemu  (which  is  the  desired  storage  capacitance 
Cstg ).  Next,  a  boost  stage  regulates  the  energy  leaving  the 

storage  capacitor,  Cemu  .  It  dumps  the  energy  from  the 
emulator  capacitor  into  the  intermediate  buck-boost  capacitor, 
C fa .  Note  that  there  is  a  power  supply  connected  to  the 
emitter  of  the  boost  IGBT,  .  This  power  supply  provides  a 

negative  bias  voltage  such  that  even  when  the  voltage  in  the 
emulator  capacitor  is  zero,  the  boost  circuit  has  control 
capability  over  the  current  in  the  boost  inductor,  Lfroost  •  With 

this  power  supply  is  a  capacitor,  ,  and  a  diode  to  provide  a 
current  conduction  path  if  the  power  supply  fails  to  avoid 
negatively  charging  . 

The  intermediate  energy  storage  capacitor,  C ^  separates 
the  boost  circuit  from  a  buck  circuit.  The  energy  stored  in  this 
capacitor  is  discharged  by  the  buck  circuit  into  the  load 
resistor,  Rload  . 

The  boost  circuit  controller  is  depicted  in  Fig.  9.  Therein, 
the  inputs  to  the  control  are  the  current  into  the  storage 
capacitor,  icin  and  the  storage  capacitor  voltage,  vc  .  Both  of 
these  quantities  are  initially  low  pass  filtered  with  a  time 
constant  of  T/^y .  The  output  of  the  controller  is  the 
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Fig.  6.  Current  Command  Synthesizer 
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Fig.  7.  Current  Control. 


value  of  2vc  between  Av^and-V^  max.  The  voltage 
hysteresis  control  operates  in  a  similar  manner  as  a  current 
hysteresis  controller.  The  buck  switch  is  turned  on  if  v ^ 

* 

exceeds  v ^  by  Av^  and  is  turned  off  when  v ^  is  less  than 
VZ>Z>  -  Avbb  ■ 

The  parameters  used  for  the  capacitor  emulator  control 
are  listed  in  the  Appendix. 


Fig.  8.  Capacitor  Emulator. 

IV.  PROPULSION  COORDINATION 


commanded  current  of  the  boost  inductor,  i^oost .  The  primary 
basis  of  the  control  is  a  feed-forward  of  the  capacitor  input 
current  which  is  multiplied  by  the  capacitor  reduction  factor 
(1-y).  To  this,  a  correction  factor  is  added.  This  correction 
factor  is  formed  by  integrating  the  current  into  the  capacitor 
and  dividing  it  by  the  estimated  capacitance  of  the  full 
capacitor.  This  gives  the  expected  value  of  the  capacitor 
voltage.  Then,  this  value  is  subtracted  from  the  actual 
capacitor  voltage  and  multiplied  by  a  gain  factor,  Kvc  and 
then  added  to  the  feed-forward  term.  After  a  discharge  event, 
the  output  of  the  integrator  is  set  to  the  remaining  voltage  in 
the  capacitor  to  start  the  next  cycle.  The  gating  signal  for  the 
boost  IGBT  is  generated  using  a  hysteresis  controller  with  a 
hysteresis  level  of  A\^oost . 

The  buck  circuit’s  control  is  shown  in  Fig.  10. 
Nominally,  the  voltage  in  the  intermediate  energy  storage 
capacitor  is  regulated  to  be  twice  the  voltage  in  the  main 
energy  storage  capacitor.  This  allows  the  boost  circuit  to 
operate  with  a  nominal  duty  cycle  of  50%.  In  this  manner, 
voltage  hysteresis  is  utilized  with  a  hysteresis  level  of  Av^ . 

* 

The  commanded  voltage,  v^is  generated  by  bounding  the 


o 


Fig.  9.  Capacitor  Emulator  Boost  Control. 
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Fig.  10.  Capacitor  Emulator  Buck  Control. 


It  will  be  shown  that  coordinating  propulsion  and  pulsed 
power  loads  can  reduce  the  system  impact  of  pulsed  power 
loads.  A  control  algorithm  to  provide  such  coordination  is 
depicted  in  Fig.  11.  Therein,  inputs  are  the  mechanical  rotor 
speed  of  the  propulsion  drive,  corm  ,  the  torque  command  to 

5fC 

the  propulsion  drive,  Te  ,  and  the  effective  instantaneous 

* 

power  command  into  the  pulsed  power  load,  P  ,  which  is 

* 

equal  to  the  commanded  capacitor  current,  ic ,  times  the 
filtered  measured  capacitor  voltage,  vcy .  Based  on  these 

quantities  a  modified  torque  command,  Te  ,  for  the 
propulsion  drive  is  produced  such  as  to  keep  the  overall 
system  power  requirements  constant,  subject  to  a  maximum 
torque  perturbation  A Te  mx  and  that  the  final  torque  command 

has  to  be  positive.  For  the  studies  to  be  considered,  A Te  mx 

was  set  equal  to  the  maximum  allowed  torque  command  of 
200  Nm. 


V.  System  Performance 

In  this  section,  the  system  performance  under  pulsed 
loading  conditions  is  examined.  Two  principal  studies  will 
be  performed.  Common  features  of  the  study  are  that  each 
zone  will  be  loaded  to  5  kW,  and  that  the  propulsion  drive  will 
be  operating  at  full  speed  (1800  rpm)  and  full  torque  (200 
Nm).  In  the  studies  presented,  it  is  assumed  that  the  starboard 
bus  is  faulted,  so  that  the  situation  represents  a  damaged 
scenario.  An  additional  feature  of  the  studies  will  be  that  a 
200  kJ  charge  cycle  is  used.  Recall  that  the  pulsed  power 
load  normally  starts  from  a  non-zero  capacitor  voltage,  and 
that  a  discharge  will  remove  128  kJ.  In  this  study,  the  initial 
capacitor  voltage  is  0  (so  0  kJ  stored)  and  will  be  charged  to 
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200  kJ;  and  this  amount  of  energy  will  be  fully  discharged. 
As  a  result,  the  charge  cycle  will  be  longer  than  normal. 

Variables  to  be  depicted  are  as  follows: 

vab,sg  Line-to-line  synchronous  generator  voltage  (V) 

ia  sg  A-phase  synchronous  generator  voltage  (V) 

i fde^sg  Brushless  exciter  field  current  (A) 

ir  pp  Pulsed  power  rectifier  current  (A) 

i a, pp  A-phase  pulsed  power  current  (A) 

vc,pp  Pulsed  power  energy  storage  capacitor  voltage  (V) 

i a, pd  A-phase  propulsion  drive  current  (A) 

vdc,pd  DC  link  propulsion  drive  voltage  (V) 

vdc,pb  DC  voltage  on  port  bus  (V) 

vdc,imi  DC  voltage  at  input  to  inverter  module  1  (V) 

vab,imi  Line-to-line  output  voltage  at  inverter  module  1  (V) 

Fig.  12  depicts  the  system  performance  in  the  absence  of 
propulsion  coordination.  In  assessing  the  waveforms,  the 
pulsed  power  capacitor  voltage  waveform,  vcp  ,  is  particularly 

useful  as  it  can  be  used  to  mark  the  progress  of  the  charging 
cycle.  In  Fig.  12,  it  can  be  seen  that  the  generator  voltage 
profile  remains  flat,  with  the  exception  of  at  the  beginning  and 
end  of  the  charge  cycle.  It  can  also  be  seen  that  the  generator 
current  also  remains  almost  flat  -  although  it  does  increase 
slightly.  The  fact  that  only  a  slight  increase  occurs  is  a  result 
of  the  fact  that  the  input  current  is  almost  constant.  However, 
despite  this  the  power  out  of  the  synchronous  machine  is  not 
since  the  power  factor  of  the  pulsed  power  load  starts  out  very 
low  and  then  increases  as  the  capacitor  voltage  increases.  The 
next  trace  is  the  brushless  exciter  field  current.  Again,  the 
disturbance  is  most  pronounced  at  the  beginning  and  end  of 
the  study.  The  pulsed  power  rectifier  current,  ir  pp ,  can  be 

seen  to  be  essentially  constant  over  until  the  end  of  the  charge 
cycle  where  it  starts  to  decrease  because  of  the  power  limit  in 
the  pulsed  power  control.  Observe  that  the  ripple  decreases  as 
the  capacitor  voltage  increases  (and  firing  delay  decreases). 
The  next  trace  is  the  a-phase  pulsed  power  current  which  is 
closely  associated  with  the  pulsed  power  rectifier  current.  The 
capacitor  voltage  v  can  be  seen  to  increase  nearly  linearly 

until  near  the  end  of  the  charge  cycle  when  the  pulsed  power 
power  limit  comes  into  play. 

The  propulsion  drive  current  a-phase  current  ia  pd  and 

dc  link  voltage  vdc  pd  are  almost  unaffected  by  the  charging 

of  the  pulse  power  load  (recall  that  in  this  study  propulsion 
co-ordination  is  off),  although  a  minor  disturbance  is  evident 
at  the  beginning  and  end  of  the  study.  The  propulsion  drive 
torque  T  d  is  completely  unaffected  by  the  pulsed  power 

load. 

The  next  traces  depict  the  performance  of  the  pulsed 


Fig.  12.  Study  1  results. 
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Fig.  13.  Study  1  results  -  expanded  time  scale. 

power  load  on  the  dc  distribution  system.  As  can  be  seen, 
there  is  a  minor  disturbance  in  the  port  bus  voltage  at  the 


beginning  and  end  of  the  charge  cycle.  However,  this 
disturbance  does  not  propagate  to  the  dc  voltage  at  the  input  to 
the  inverter  module  vdc  imX  nor  to  the  ac  output  of  the  inverter 

module,  vab  iml ,  as  would  be  expected. 

Fig.  13  depicts  and  expanded  view  of  all  of  the 
waveforms  at  the  point  wherein  the  pulsed  power  capacitor 
voltage  is  approximately  315  V.  One  unexpected  feature  in 
the  waveforms  is  an  approximately  30  Hz  oscillation  in  the 
propulsion  drive  torque.  The  torque  transducer  has  only 
recently  been  added  to  the  system  and  the  cause  of  this  torque 
variation  has  not  been  identified.  It  may  be  associated  with 
the  dynamometer  speed  control  rather  than  the  system. 

Figs.  14-15  depict  the  system  performance  for  the  same 
conditions,  but  in  this  study  (Study  2)  propulsion  coordination 
is  used.  Many  of  the  trends  are  similar,  but  there  are  some 
differences.  First,  the  generator  current  and  brushless  exciter 
current  are  always  less  than  in  Study  1  wherein  propulsion  co¬ 
ordination  is  not  used.  A  second  difference  is  that  in  this 
study,  the  propulsion  drive  current  and  torque  are,  as  one 
would  expect,  highly  influenced  by  the  pulsed  power  charging 
cycle.  Unfortunately,  the  principal  benefit  of  propulsion 
coordination,  that  is  real  power  load  leveling,  would  require 
showing  either  the  synchronous  machine  torque  or  power; 
these  signals  were  not  available  at  the  time  this  paper  was 
prepared,  but  will  be  recorded  in  the  future. 

Appendix  -  Pulsed  Power  Parameters 

Table  I 

Pulsed  Power  Transformer  Parameters 


Parameter 

Value 

Description 

LiP 

0.222  mH 

primary  leakage  inductance 

rP 

0.100  Q 

primary  resistance 

Lm, 

2.321  H 

magnetizing  inductance 

Lls 

0.222  mH 

secondary  leakage 
inductance 

rP 

0.100  Q 

secondary  resistance 

nsp 

0.786 

secondary  to  primary  turns 
ratio 

Table  II 

Pulsed  Power  Passive  Parameters 


Paramete 

r 

Value 

Description 

Lin 

11  mH 

input  inductor  series  inductance 

rin 

0.1  Q 

input  inductor  series  resistance 

r 

^es 

2.02  F 

energy  storage  capacitance 
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Fig.  14.  Study  2  results. 


Fig.  15.  Study  2  results  -  expanded  time  scale. 
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Table  III 

Charge/Discharge  And  Capacitor  Current 
Control  Parameters 


Paramete 

r 

Value 

Description 

Ki 

450  V 

target  capacitor  charging 
voltage 

VC*2 

445  V 

minimum  capacitor  firing 
voltage 

P 

1  cmax 

13.52  kW 

maximum  allowed  power  into 
storage  capacitor 

icmax 

40.52  A 

maximum  allowed  current 
into  storage  capacitor 

t* 

ais 

0.2  ms 

time  over  which  storage 
capacitor  is  discharged 

t* 

ldc 

0.25  ms 

time  of  discharge  cycle 

T* 

'»/ 

0.79  ms 

time  constant  of  input  filter 

Xof 

5.0  ms 

time  constant  of  output  filter 

K*f 

13.35 

current  forward  gain 
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Table  IV 

Capacitor  Emulator  Parameters 


Paramete 

r 

Value 

Description 

Cest 

2.02  F 

estimated  value  of  full 

y 

Iboost 

0.01 

0.5  mH 

capacitance 

capacitor  reduction  factor 
inductor  for  boost  circuit 

Rload 

33.3  Q 

(100  A) 

load  resistance  (18kW) 

Cbb 

500  jliF 

intermediate  storage  capacitor 

Vk 

-24  V 

startup  voltage 

Ck 

930  mF 

startup  capacitor 

Kvc 

20  A/V 

gain  for  boost  current  control 

1  host, max 

100  A 

current  limit  for  boost  control 

boost 

2.61  A 

boost  current  hysteresis  level 

vbb,max 

750  V 

maximum  voltage  for 

kVbb 

25  V 

voltage  hysteresis  level 

Tbbf 

31.8  jus 

input  filter  time  constant 

ldis 

60.0  A 

inductor  current  during 
discharge 
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